Microcins are low-molecular-weight proteins secreted by certain bacteria that act by limiting the growth of other bacteria that share the same ecological niche. In the present work, the previous microcin 24 system was resequenced. We detected three nucleotide differences in the microcin-coding gene that partially change the amino acid sequence. According to the present microcin nomenclature, we renamed the five genes constituting this microcin system (mcnRINAB), which are arranged in an operon-like structure: mcnR codes for a putative histone-like nucleoid protein regulator; mcnI codes for the immunity protein; mcnN encodes microcin N; and mcnA and mcnB correspond to an ATP-binding cassette transporter system. Purified microcin N has a molecular weight of 7274.23 Da, as determined by MS. This peptide was stable up to 100 1C, resistant to treatment with lipase, lysozyme, trypsin, and chymotrypsin, and susceptible to degradation by proteinase K.
Introduction
Microcins are a family of antimicrobial peptides produced principally by bacteria of the Enterobacteriaceae family. These bacteriocins have a bacteriostatic or bactericidal activity against species closely related to the bacteria that produce them (Riley, 1998) . In contrast to the majority of colicins, microcins have a low molecular weight (o 10 000 Da), are resistant to the action of some proteases and to extreme conditions of pH and temperature, are soluble in methanol, and are not inducible by the SOS system (Kolter & Moreno, 1992) .
Microcin N (also known previously as microcin or colicin 24) is a bacteriocin produced by the uropathogenic strain Escherichia coli 2424. The genetic determinants involved in the production of microcin N are contained in a 5.25-kb DNA fragment, originally located in a 43-kb conjugative plasmid and afterward cloned into pBR322 (O'Brien & Mahanty, 1994) . According to Mahanty and O'Brien's initial annotation, this region contains five ORFs: mdbA, mtfI, mtfS, mtfA, and mtfB (GenBank accession numberU47048). mtfS codes for microcin, a polypeptide of 90 amino acids that has a signal peptide of 16 residues with a double-glycine motif typical of proteins secreted into the extracellular space by ATP-binding cassette (ABC)-type transporters. The mtfI gene codes for a 93-amino-acid polypeptide that is responsible for conferring immunity to the microcin-producing cell. The mtfA and mtfB encode for an ABC-type I transporter system, and mdbA codes for a putative regulator.
Microcin N has a bactericidal activity against pathogenic strains, such as E. coli O157:H7, Salmonella enteritidis, and Salmonella enterica serovar Typhimurium, but it does not show antibacterial activity against strains of Campylobacter jejuni and Listeria monocytogenes (Wooley et al., 1999) .
Many properties of the microcin N system have not been characterized as yet, such as the spectrum of action against other bacteria, the identity of its receptor in the sensitive cell, its production kinetics, and the mechanism of action against the target cell. A key step in elucidating these properties is to purify microcin N to further perform biochemical and microbiological characterizations.
In this work, we describe the DNA sequence of the microcin N genetic system, the purification and characterization of microcin N, and its expression pattern during bacterial growth.
Materials and methods

Bacterial strains and plasmids
Escherichia coli DH5a was used as the indicator strain for the antimicrobial activity assays. The microcin N-producing strain used in all the experiments was E. coli MC4100 containing the plasmid pGOB18. This plasmid is a pBR322 derivative that contains a fragment of 5.25 kb with microcin N genetic elements (O'Brien & Mahanty, 1994) ; mcnN and mcnI genes were amplified by PCR with primers IN1 (5 0 -CAA CAG ATT TAT CTG CTG GCC AGT-3 0 ) and S2 (5 0 -TAT TCT ACC TTA ATG AAT CTT ATC CT-3 0 ) and the PCR product was ligated to pGEM-T Easy (Promega Co., Madison, WI) to obtain pKAR. Table 1 summarizes the E. coli strains and plasmids used in this work.
DNA sequencing
Plasmids pGOB18, pKAR, and pIN were purified using the EZNA Plasmid Minikit II (Omega Bio-Tek, Norcross, GA). The sequencing of the segment that encodes for the genetic elements that produce microcin N was carried out using the primer walking strategy, starting with a primer that anneals to the HindIII site of pBR322. Plasmids pIN and pKAR were sequenced using the T7 and SP6 universal primers. The sequencing reactions were performed at Macrogen Co. (Seoul, South Korea) .
Bacterial culture
Liquid cultures of microcin N producer strains were grown in nutrient broth (Nut) (Difco, Franklin Lakes, NJ), Luria broth (LB) (MoBio, Carlsbad, CA), Müller-Hinton (MH) broth (Difco), and M63 minimal media supplemented with glucose (0.2%). For the antimicrobial-activity plate assay, the sensitive strain lawn (E. coli DH5a) was grown on nutrient agar (Difco).
Antimicrobial-activity plate assay
The antimicrobial assay was performed according to protocols described by Mayr-Harting et al. (1972) . To prepare the sensitive strain lawn, 100-mL aliquots of a culture (OD 600 nm $0.6) were mixed with 4 mL of melted soft agar (0.7% w/v) and plated on nutrient agar.
A culture of the strain E. coli MC4100 pGOB18 was centrifuged at 18 000 g for 5 min to precipitate the cells and the supernatant was concentrated 10 times by evaporation at 70 1C. The activity of this concentrate was analyzed by the antimicrobial-activity plate assay using serial dilutions. A growth inhibition zone appeared when microcin N was present.
Microcin purification
The producer strain E. coli MC4100 pGOB18 was grown in M63 medium for 8 h and the culture supernatant was loaded on the previously activated Sep-Pak C 18 column (Waters, Milford, MA). The microcin was eluted with increasing concentrations of methanol/water solutions (0-95%), collecting 1-mL fractions.
HPLC purification
The purification of microcin N was performed by HPLC. One milliliter of semi-purified microcin obtained from the Sep-Pak C 18 column was dried in a SpeedVac. Microcin N was resuspended in 50 mL of acetonitrile solution (40%, v/v) and loaded in an HPLC Beckman Gold System (Beckman Coulter Inc., Brea, CA). The sample was chromatographed in an isocratic condition using 40% v/v acetonitrile as the mobile phase at a flow rate of 1 mL min À1 on a Beckman ODS column (5 mm Â 4.6 mm Â 25 cm) (Beckman Coulter Inc.).
Proteins were detected at 215 nm using a Beckman System Gold 166 Detector. The fraction corresponding to microcin N was identified using sensitive plate assay.
MS
The mass of microcin N purified by HPLC was determined on a Microflex MALDI-TOF (Bruker Daltonics Inc., MA). The spectra were performed under the positive ion mode, averaging 10 spectra obtained by 40 laser shots each.
Microcin labeling
Fluorescence labeling of microcin N was achieved according to the method described by Ragland et al. (1974) . Briefly, 300 mL of purified microcin N was concentrated to 10 mL by evaporation. This concentrate was then mixed with 4 mL of 0.4 M borate (pH 9.0) and 8 mL of fluorescamine solution (2 mg mL À1 in dimethyl sulfoxide). After 1 min of reaction at room temperature, 7 mL of loading buffer was added. Samples were denatured by boiling for 5 min and then analyzed by Tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Schägger & von Jagow, 1987) to separate polypeptides from 1 to 100 kDa. The DNA sequences reported in this paper are deposited in GenBank under accession number FJ895580.
Results
Microcin N genetic elements
To confirm the accuracy of the previously reported sequence of the genetic system of microcin 24 (now microcin N), we sequenced the entire fragment cloned into pGOB18. The previously reported sequence (GenBank accession number U47048) has one deletion and three insertions with respect to the sequence reported in this work. These differences resulted in important changes in the putative regulator gene and in the structural gene for microcin N. Because of the differences with the previously reported sequences, we decided to rename these genes in order to use the commonly accepted microcin nomenclature as shown in Fig. 1 . The mcnR gene encodes for a putative regulator of 144 amino acids and shares 99% (143/144) identity with proteins ACA51174 from S. enterica ssp. enterica serovar Dublin and ABZ89587 from the E. coli conjugative plasmid pOLA52 (Norman et al., 2008) . Between residues 19 and 142, McnR has a histone-like nucleoid protein (H-NS) domain (PRK10328). The mcnR gene has one difference from the previously reported mdbA gene (O'Brien & Mahanty, 1994) , which produces a frameshift in translation of the last 43 amino acids, alsoshortening the protein in 27 amino acids. The mcnI gene is identical to the previously reported MtfI immunity gene (93 amino acids). The polypeptide encoded possesses 43% identity and 72% similarity to MceB, the immunity protein of microcin E492. The expression of mcnI gene from a plasmid (pIN) was sufficient to confer immunity against microcin N, proving unambiguously its function as an immunity protein (data not shown). Transmembrane domain prediction of McnI and MceB using SOSUI (Hirokawa et al., 1998) , TMPRED (Hofmann & Stoffel, 1993) , and PREDICTPROTEIN (Rost et al., 2004) showed that both proteins have three highscore transmembrane helices with the amino terminal exposed to the periplasm. Both proteins show high identity in transmembrane regions, but not in the nonhomologous regions located in the loops. This suggests similar mechanisms of immunity through an interaction with host proteins (Lagos et al., 2009) by the transmembrane regions and specific recognition of its cognate microcin by the periplasmic loops. This may explain why, despite their high similarity, microcin E492 and microcin N producers do not have cross-immunity (Sable et al., 2003) .
The mcnN gene encodes for the microcin N polypeptide. This polypeptide is synthesized as a prepolypeptide of 89 amino acids. The mcnN gene has three insertions with respect to the previously reported gene mtfS; these resulted in major changes in the sequence of the encoded polypeptide. The insertions in mcnN produce changes in a region of Fig. 1 . Scheme of the organization of the plasmid pGOB18 and the genetic elements responsible for microcin N production. The figure is a linear representation of the plasmid pGOB18, the white arrows represent the genes responsible for microcin N production (mcnRINAB). The gray arrows represent the characteristic genes of plasmid pBR322 (rop, ampicillin resistance). The white bar represents the resequenced fragment of pGOB18.
10 amino acids located in the N-terminal domain of MtfS. This region has been involved in the toxic activity in other Gram-negative pore-forming microcins (Azpiroz & Laviña, 2007) . Processed microcin N has a deduced mass of 7221.9 Da and shares 63% of identity and 73% of similarity with the mature microcin E492. Microcin N, unlike microcin E492, lacks the C-terminal serine-rich region that serves as a signal for the posttranslational modification with salmochelin (Azpiroz & Laviña, 2007) . Salmochelin is required for the recognition and import of microcin E492 through the catecholic receptors FepA, Fiu, and Cir (Strahsburger et al., 2005; Fischbach et al., 2006) . The absence of this serine-rich region and the modifying enzymes explain the sensitivity of E. coli H1876 -a triple mutant for the catecholic receptors -to microcin N (data not shown).
Characterization of microcin N expression
The production of microcin N by E. coli MC4100 pGOB18 was analyzed during the different stages of bacterial growth in Nut, LB, MH broth, and M63 (Fig. 2) . It was established that E. coli MC4100 pGOB18 begins to produce microcin N during the exponential phase, when the culture has reached an OD 600 nm 4 0.4 (approximately at 4-5 h of growth).
Microcin N activity corrected by OD shows that under all cultured conditions analyzed, microcin production has a peak of activity in the exponential growth phase. This peak was reached earlier in LB media and later in M63, Nut, and MH. In M63, Nut, and LB, the corrected activity increased in the late stationary growth phase, reaching values similar to those obtained in the exponential phase. Among the cultures analyzed, microcin N-producing strain grown in M63 medium had the best rate between microcin N activity and bacterial mass, in both exponential and stationary phases, and so M63 was chosen to grow the cells and purify microcin N.
Purification of microcin N
Based on its amino acid sequence, microcin N should be highly hydrophobic, allowing its retention in a hydrophobic C-18 resin. Analysis of microcin N activity present in fractions eluted from a Sep-Pak C 18 column preloaded with the supernatant of microcin N-producing strain cultures, showed that microcin N was retained in the C-18 resin and eluted at methanol concentrations 4 70% (Fig. 3a) . SDS-PAGE analysis stained with conventional Coomassie blue did not show the presence of any protein in the C-18 extract containing microcin N, probably due to the high solubility of microcin N in methanol. To circumvent this problem, we decided to label microcin N with a fluorescamine fluorophore, allowing its direct observation under UV light (Fig.  3b) . The results indicate that the fractions with microcin activity present a single band of 7 kDa near the theoretical molecular mass of microcin N.
The fractions with activity were pooled and a second step of purification was performed using HPLC. The profile reveals the presence of a peak with a retention time of Fig. 2 . Production of microcin N during the growth phases of Escherichia coli MC1061 pGOB18. Microcin production was measured in the exponential (EP) and stationary (SP) phases of growth. The microcin producer strain was grown in Nut (m), MH broth (^), LB ('), and M63 broth (B) . Samples of the cultures were taken at different times and the supernatant analyzed from microcin N production. The corrected microcin N activity was calculated as the rate between microcin N activity and culture growth measured by OD 600 nm . Each point in the curves corresponds to the mean of three independent experiments. 16 min (Fig. 4a) . The activity of the collected fractions was tested. Only the fractions near the peak showed antimicrobial activity (Fig. 4b) . The presence of the polypeptide in the fractions that have activity was confirmed by SDS-PAGE stained with fluorescamine (Fig. 4c) .
Characterization of microcin N
Microcins are thermostable peptides, resistant to proteases and to extreme conditions of pH. In order to determine whether microcin N has the same properties, we analyzed its sensitivity to several enzymatic treatments and its thermal stability in aqueous solution. Thermal stability experiments showed that microcin N preserves its activity when heated to temperatures up to 80 1C for 30 min. However, microcin activity decreased to half when incubated at 100 1C for 30 min, and disappeared when it was autoclaved for 30 min (data not shown).
On the other hand, the enzymatic treatments with lipase and lysozyme did not diminish the activity of microcin N. However, microcin N was partially resistant (50%) to the action of trypsin and fully sensitive to the action of proteinase K (data not shown).
In order to characterize the molecular properties of microcin N, its molecular mass was determined by MS using HPLC-purified microcin N. These experiments show that an HPLC fraction containing microcin N activity has only one peak corresponding to a single molecule with a mass of 7274.23 Da (data not shown).
Discussion
The main focus of this work was to characterize the antimicrobial peptide microcin N. Microcins are produced mainly in the stationary growth phase (Riley & Wertz, 2002) , with the exception of microcin E492, which is produced during the exponential growth phase (de Lorenzo, 1984) . Our results indicate that microcin N displays a behavior similar to that of microcin E492 in the exponential growth phase. However, its total activity does not diminish in the stationary phase (data not shown), showing a profile different from that of other bacteriocins, whose activities are expressed in the exponential or the stationary growth phase. Instead, the corrected microcin N activity has peaks in the exponential phase. The decrease in microcin N corrected activity observed in the late exponential phase could be related to a lower rate of translation or secretion, given that there was no difference between transcript levels in the two phases, using reverse transcription-PCR (data not shown). This could also explain the increase in corrected activity in the late stationary phase, owing to the continual accumulation of microcin N in the culture batch.
Taking into consideration that all known microcins are soluble in organic solvents (Kolter & Moreno, 1992) , hydrophobic reverse-phase columns (Sep-Pak C 18 ) were utilized to concentrate and purify the microcin N from the supernatant of the microcin N producer strain cultures. Microcin N was eluted using increasing concentrations of methanol. As could be expected with a highly hydrophobic peptide, the microcin began to elute only from the fraction corresponding to 70% methanol. The high hydrophobicity of microcin N suggests a high propensity to form aggregates in aqueous solutions. Indeed, when microcin N was eluted with a more volatile solvent, such as acetonitrile, a tendency toward core aggregation was observed when the solvent evaporated (unpublished data). This property was also reported with extracts of microcin E492, which forms amyloid-like aggregates with cytotoxic properties on HeLa human tumor cells (Hetz et al., 2002) . It remains unknown whether microcin N is capable of forming amyloid aggregates with cytotoxic properties, and so it would be interesting to study this effect on human cell lines.
Tricine-SDS-PAGE performed on the fraction eluted from the Sep-Pak C 18 column shows that a peptide of about 7 kDa was present in the fraction with microcin N activity (Fig. 3) . The same results were observed when a second repurification step by HPLC was performed: a peptide of about 7 kDa was present in the fraction with microcin N activity (fraction between 15 and 21 min) (Fig. 4) .
The MS analysis of these fractions shows only one compound with a mass of 7274 Da, similar to the mass of other class II microcins, in agreement with mass determination by Tricine-SDS-PAGE. Nevertheless, the molecular mass determined by MS was not consistent with the theoretical mass deduced from the previous nucleotide sequence of the microcin N gene (7527 kDa), as published in GenBank (accession number U47048) by O' Brien and Mahanty. This putative polypeptide has a difference of 253 Da, which could be explained by posttranslational modifications as reported in other microcins (Pons et al., 2002; Thomas et al., 2004) . However, the resequencing of pGOB18 showed that mcnN was different from the previously reported mtfS. Distributed over a region of 30 bp, the mcnN gene has three extra guanine nucleotides compared with the published mtfS sequence, resulting in two frameshifts that alter the encoded polypeptide sequence. The corrected sequence of mcnN encodes for a peptide of 75 amino acids (7293 Da), with a difference of only 18.79 Da between the theoretical and the empirical molecular masses. These differences not only change the sequence of the encoded peptide but also increase the identity between microcin N and microcin E492 from 42.5 to 49.4.
A fourth difference from the previously reported sequence of the microcin N system was located in the mdbA gene. The insertion of an adenine after A302 produces a frameshift, generating a protein with only 60.2% of identity to the previously reported sequence. Originally, MdbA contained an incomplete PRK10947 DNA-binding domain present in the histone-like transcriptional regulator family (H-NS). The new sequence revealed that the protein McnR contains the entire domain. The H-NS family acts as selective silencers of genes or regions of the bacterial chromosome (Browning et al., 2000) . H-NS binds to TArich regions of DNA (Dorman, 2004) , with a preference for certain highly conserved sequences whose consensus is TCGATAAATT (Lang et al., 2007) . The sequence analysis of the microcin N producer system identifies seven potential H-NS-binding regions; it is possible that the expression of the microcin producer system is regulated negatively by a condition that controls the binding of H-NS to DNA. Our results confirm that microcin N is a class IIa microcin (Duquesne et al., 2007) , closely related to microcin E492, but lacking the posttranslational modifications.
